The primary objective of this study was to determine the sequence of biochemical signaling events that occur after modulation of the cellular redox state in the B cell lymphoma line, PW, with emphasis on the role of mitochondrial signaling. L-Buthionine sulphoximine (BSO), which inhibits gamma glutamyl cysteine synthetase (gGCS), was used to modulate the cellular redox status. The sequence and role of mitochondrial events and downstream apoptotic signals and mediators was studied. After BSO treatment, there was an early decline in cellular glutathione (GSH), followed by an increase in reactive oxygen species (ROS) production, which induced a variety of apoptotic signals (detectable at different time points) in the absence of any external apoptotic stimuli. The sequence of biochemical events accompanying apoptosis included a 95% decrease in total GSH and a partial (25%) preservation of mitochondrial GSH, without a significant increase in ROS production at 24 h. Early activation and nuclear translocation of the nuclear factor kappa B subunit Rel A was observed at approximately 3 h after BSO treatment. Cytochrome c release into the cytosol was also seen after 24 h of BSO treatment. p53 protein expression was unchanged after redox modulation for up to 72 h, and p21 waf1 independent loss of cellular proliferation was observed. Surprisingly, a truncated form of p53 was expressed in a timedependent manner, beginning at 24 h after BSO incubation. Irreversible commitment to apoptosis occurred between 48 and 72 h after BSO treatment when mitochondrial GSH was depleted, and there was an increase in ROS production. Procaspase 3 protein levels showed a time-dependent reduction following incubation with BSO, notably after 48 h, that corresponded with increasing ROS levels. At 96 h, caspase 3 cleavage products were detectable. The pancaspase inhibitor zVADfmk, partially blocked the induction of apoptosis at 48 h, and was ineffective after 72 h. PW cells could be rescued from apoptosis by removing them from BSO after up to 48, but not 72 h incubation with BSO. Mitochondrial transmembrane potential (DC m ) remained intact in most of the cells during the 72 h observation period, indicating that DC m dissipation is not an early signal for the induction of redox dependent apoptosis in PW cells. These data suggest that a decrease in GSH alone can act as a potent early activator of apoptotic signaling. Increased ROS production following mitochondrial GSH depletion, represents a crucial event, which irreversibly commits PW cells to apoptosis.
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Introduction
Therapeutic strategies designed to increase the susceptibility of tumor cells to apoptosis have the potential to significantly augment the efficacy of a variety of cancer treatments. We have previously shown that enhancement of the apoptotic potential of tumor cells increases tumor responses to radiotherapy. 1 Many chemotherapeutic agents have profound effects on the cellular redox status, 2 ± 4 and alteration of redox status may play an important role in the induction of apoptosis. 5 ± 8 We have recently reported that changes in the redox status of cells can modulate the sensitivity of tumor cells to apoptosis induced by uncoupling mitochondrial electron transport with the protonophore carbonyl cyanide m-chlorophenylhydrazone. 8 Cellular redox potential is largely determined by glutathione (GSH), which accounts for more than 90% of cellular non-protein thiols. 9 The majority of GSH is found in the cytosol, 10 however a small, but significant, percentage of total cellular GSH (10 ± 15%) is located in the mitochondria. Mitochondrial GSH is of paramount importance in protecting the organelle from reactive oxygen species (ROS) produced during coupled mitochondrial electron transport and oxidative phosphorylation. apoptosis are antioxidants or mediators of cellular antioxidant defenses. 11 Depletion of cellular antioxidant defenses allows for the generation of significant quantities of ROS, which have been suggested to act as a signal for the induction of apoptosis. 12 However, other investigators have suggested that antioxidant depletion (e.g. GSH), rather than production of ROS, is an important mediator of apoptosis. 13 GSH is important for many cellular biochemical functions including the regulation of gene transcription, as well as the modulation of apoptosis. 7, 14 The binding of many transcription factors to their cognate DNA sequences is sensitive to the redox environment. 14, 15 One redox sensitive transcription factor involved in cell proliferation is nuclear factor kappa B (NKkB).
14 ± 16 NFkB translocation to the nucleus can induce the transcription of a variety of genes, including cytokines, cell cycle regulator proteins and anti-apoptotic proteins. 17 Although it has been suggested that NFkB activation is critical for the regulation of the expression of genes mediating cell survival, and may have an antiapoptotic role, 18 ± 20 others have found that activation of this transcription factor is pro-apoptotic. 21 ± 23 While, NFkB activation may play a role in either cell survival or cell death, expression of the tumor suppressor gene p53 is known to induce either stable growth arrest or apoptosis. 24, 25 In human colorectal cancers, the growth arrest is dependent on the transcriptional induction of the protein p21
waf1 , but the precise mechanisms involved in p53-dependent apoptosis are unclear. However, recently it has been reported that many important genes transactivated by p53 prior to the onset of apoptosis encode proteins that are involved in oxidative stress. 26 These findings reported by Polyak et al. 26 suggest that p53 expression results in apoptosis via a three-step process, including the transcriptional induction of redox-related genes, the formation of reactive oxygen species, and the oxidative degradation of mitochondrial components resulting in cell death.
Recently, mitochondria and potential signaling molecules such as cytochrome c released from mitochondria have been reported to be key regulators of apoptosis. 27 ± 32 Cytochrome c can combine with Apaf-1, and procaspase-9 to form the apoptosome, 33 which activates caspase-9, and caspase 3. Nevertheless, the importance of cytochrome c release as an apoptotic signal has recently been challenged. For example, cytochrome c release from mitochondria has been reported to be the result of cellular redox imbalance rather than a signal committing the cell to death, 34 and Budd et al. 35 showed that cytochrome c release was not sufficient for caspase activation or apoptosis in neuronal cells. Activation of caspases may be redox dependent, but the optimal cellular redox environment for activation of caspases is unclear. 36, 37 Reports in the literature suggest that mitochondrial permeability transition (MPT) induction and mitochondrial transmembrane potential (DC m ) depolarization are apoptotic signals, 29 ± 32 but we and other investigators have recently reported that DC m depolarization is a fully reversible event and does not irreversibly commit cells to die. 8, 38, 39 Therefore, the role of potential mitochondrial signals in the induction of apoptosis remains controversial.
The primary objective of this study was to characterize the sequence of biochemical events occurring in B cell lymphoma PW cells after modulation of the cellular redox state, with emphasis on the role of mitochondria. The early decline in cellular GSH, in response to BSO treatment, coincided with the induction of mediators of apoptotic signaling including NFkB, p53, and cytochrome c release from mitochondria. ROS generation increased significantly following depletion of mitochondrial GSH, after which procaspase 3 was activated. DC m was intact in a larger proportion of the cell population at a time when cells were committed to die.
Results
Apoptosis following BSO treatment PW cells were incubated for various times with BSO (1 mM), which depletes GSH from cellular compartments in a time dependent manner, by inhibition of cytosolic gGCS. Apoptosis was then assessed by staining cells with P.I. and using flow cytometry analysis to determine the proportion of hypodiploid (sub-G1) apoptotic cells. Figure 1A Cytosolic and mitochondrial GSH levels following BSO treatment Figure 2A shows that PW cells rapidly lost GSH in a timedependent manner after BSO (1 mM) treatment. At 12 h, total GSH levels were almost 95% depleted, and GSH was undetectable at 24 h (Figure 2A ). The level of GSH in the enriched mitochondrial fraction of cells treated with BSO (1 mM) for 24 h was 593+119 pmol/10 6 cells compared to 2460+203 pmol/10 6 cells in control cells ( Figure 2B ), and was below the limit of detection after incubation with BSO (1 mM) for 48 h ( Figure 2B ).
DTT can rescue cells from BSO-induced apoptosis
PW cells were incubated with BSO with or without DTT for 0 ± 72 h prior to assessment of apoptosis. Incubation with BSO alone resulted in a time-dependent induction of apoptosis, whereas the concomitant incubation of DTT with BSO prevented the induction of apoptosis, demonstrating that PW cells could be`rescued' from BSO-induced apoptosis by incubating them with DTT ( Figure 3 ). Figure 4A ,B). This observation is consistent with the generation of similar levels of peroxides in the two ROS high cell populations. At 72 h there is a significant increase in the non-viable cell population (seen as a new population appearing at the leftmost edge of the x axis). Non-viable cells do not fluoresce since they have lost their ability to entrap the DCFH-DA dye and convert it to the membrane impermeable form DCF (a function of their intracellular esterase activity). Cells without functional esterases are considered non-viable, and the cell population with non-functional esterases is comprised of those cells to the far left on the x axis in the 60 and 72 h timepoints in Figure 4A . All experiments were repeated in triplicate. Ten thousand events were recorded in each experiment, and data for each cell population (non-viable, viable and hyperfluorescent) is shown as the mean percentage (% of total population)+S.E.M.
ROS production following BSO treatment
Rel A translocation Figure 5A shows the Rel A band at 65 k-Da following 1, 3 and 5 h of incubation with BSO (1 mM). The earliest time point at which increased nuclear Rel A expression was observed compared to the controls was at 3 h. 
Release of mitochondrial cytochrome c after BSO incubation
Cytochrome c release was measured in the cytosolic extracts from PW cells after incubation with BSO (1 mM) for 24 to 96 h by immunoblot analysis. A time-dependent increase in cytosolic cytochrome c was observed, with cytochrome c first being detected at 24 h after incubation with BSO (1 mM) ( Figure 6 ). Activation of procaspase 3 by BSO incubation, and inhibition of apoptosis with zVADfmk. Procaspase 3 activation was assessed following incubation of cells with BSO (1 mM) for 24 to 96 h in PW extracts by immunoblot analysis. There was a time-dependent decrease in the procaspase 3 protein band, at 32 k-Da, following incubation with BSO (1 mM). At 72 h caspase 3 cleavage products were observed ( Figure 7A ). Furthermore, the pan caspase inhibitor zVADfmk, which partially blocked apoptosis induction after 48 h of BSO treatment, was ineffective after 72 h ( Figure 7B ) when caspase 3 cleavage products were evident ( Figure 7A ).
DC m in PW cells after incubation with BSO
PW cells incubated with and without BSO (1 mM) for 24 and 72 h, were stained with TMRM and imaged by fluorescence 
Discussion
Cellular redox status is an important regulator of apoptotic potential. The effect of modulating the redox status on apoptotic potential was studied using BSO to inhibit GSH synthesis, and create a progressively oxidizing environment. Prolonged exposure to BSO led to apoptotic cell death within a time frame that allowed us to characterize the sequence of biochemical events involved in BSO-induced apoptosis. It is known that GSH is an important regulator of the cellular redox state. However, the relative importance of cytosolic and mitochondrial GSH levels as mediators of apoptotic signaling has not been clearly defined. Mitochondria do not possess the enzymes required for de novo GSH synthesis, 40 but utilize cytosolic GSH derived from a multicomponent, ATP dependent, mitochondrial transporter that translocates GSH from the cytosol into the mitochondrial matrix. 41, 42 The transporter has a high affinity component which functions at low cytosolic GSH levels, to maintain mitochondrial GSH levels during periods of cytosolic GSH depletion. 41 Evidence for this transporter function in PW cells is provided by the observation that after cytosolic GSH depletion, the enriched mitochondrial GSH fraction still contains approximately 25% of the pretreatment GSH content compared with untreated control samples. After 48 h of treatment with BSO, GSH was undetectable in mitochondrial fractions. This finding suggests that during cytosolic GSH depletion the mitochondrial GSH pool also loses GSH, but at a slower rate. Since it is known that the mitochondrial electron transport chain is a major source of cellular ROS, retention of GSH by mitochondria may be an important mechanism for protection againt ROS. 43, 44 ROS production following 48 h of BSO treatment was followed by an increased apoptotic fraction (flow cytometry analysis of PI stained cells), and an increased proportion of non-viable cells (detected by flow cytometry analysis, showing an increased proportion of non-fluorescent DCF stained cells and an increased in sub-G1 P1 stained cells), which was prevented by coincubation of cells with BSO and DTT. These observations are consistent with the hypothesis that mitochondrial ROS may be important effector molecules for the induction of apoptosis, 43, 44 and that the level of ROS generated may be a determinant of the apoptotic potential of cells. 44, 45 Elegant work by Tan et al. 46 is in agreement with our data and also suggests that mitochondrial generation of ROS plays a role in the induction of apoptosis. They found that while GSH depletion was necessary for an initial increase in ROS production, that GSH depletion alone was not sufficient to generate the late exponential increase in mitochondrial ROS observed in a murine hippocampal cell line (HT22) after treatment with glutamate. A high rate of ROS production occurred only after GSH levels dropped below~20% of baseline in the HT22 cells. The results reported here minimal ROS generation after cytosolic GSH depletion, but a large increase in ROS production after mitochondria are depleted of GSH. It is probable that in both HT22 and PW cells, the large increase in ROS generation following GSH depletion is primarily related to the induction of apoptosis, rather than being a direct and simple response to the GSH depletion alone.
The transcription factor NFkB plays an important role in inducing genes involved in inflammation, protective responses, 17 and apoptosis. 18 ± 23 Activation of NFkB is redox sensitive, 14 ± 16 and oxidants have been shown to increase NFkB-mediated expression of c-fos, c-jun and AP1. 47, 48 Here we report that the Rel A component of NFkB translocates to the nucleus early after GSH depletion, before increased ROS levels are detectable. Interestingly, Hoare et al. 49 reported cytokine-induced NFkB activation was also independent of ROS production.
The p53 protein is a tumor suppressor gene product. Increased levels of p53 have been found to block cell proliferation by inducing the transcription of other regulatory genes such as p21 waf1 . 25, 26 Since p53 is induced after genotoxic stress, we performed experiments to determine whether or not the stress imposed by GSH depletion induced p53 expression. We found that p53 was constitutively expressed at high levels in PW cells, and GSH depletion did not induce p21 waf1 expression (data not shown). Therefore, we suggest that PW cell growth arrest following GSH depletion was p21 waf1 independent. It is possible that p21 expression is not increased along with truncated p53 because p21 waf1 induction by oxidative stress is independent of the induction of p53. It is also possible that unlike wild-type p53, truncated p53 may not act as a transcriptional activator for p21 waf1 . Interestingly, Esposito et al. 50 recently showed that modulation of intracellular redox status with diethylmaleate, also a glutathione-depleting agent, induced a p53- waf1 . Despite the known role of p53 as a mediator of growth arrest, the precise mechanism(s) involved in p53-dependent apoptosis have not been fully elucidated. 24, 25 Interestingly, we found trace levels of truncated p53 after 24 h of incubation with BSO, which increased in a timedependent manner, with the highest levels observed when apoptosis was irreversibly induced. Truncated p53 lacks the N terminus binding region for mdm-2, and may be unable to negatively induce the p53 target gene mdm-2. 24 Since mdm-2 can block both p53-mediated cell cycle arrest and apoptosis, 24, 25 truncated p53 may function as a positive inducer of apoptosis 24 in PW cells. Since cytochrome c has been shown to activate apoptosis, 51, 52 experiments were performed to determine whether induction of apoptosis in the PW cell line involved cytochrome c or the downstream caspase 3 pathway. Cytochrome c release in response to incubation with BSO increased in a time-dependent manner. When the labile cytosolic GSH pool was depleted, after approximately 24 h of BSO treatment, mitochondria released only trace amounts of cytochrome c. However, after incubation with BSO for 72 h, relatively large quantities of cytosolic cytochrome c were detected by immunoblot. Therefore, mitochondria of PW cells release cytochrome c after GSH depletion, but before increased levels of ROS are detectable. These results are in agreement with those of Ghibelli et al., 36 however, they reported the release of large quantities of cytochrome c from HepG2 and U937 mitochondria as early as 3 h after incubation with BSO, which did not commit these cells to apoptosis. It is not clear from our findings whether cytochrome c is released from cells as a consequence of apoptosis, or it if is an early signal for the induction of redox-dependent apoptosis. However, the observation that we were able to rescue many cells from subsequent cell death by withdrawal of BSO after 448 h incubation, despite the release of detectable amounts of cytochrome c release, suggests that cytochrome c release from mitochondria may not irreversibly commit cells to death.
Procaspase 3 protein levels decreased as a function of time of incubation with BSO, and after 96 h, caspase 3 cleavage products were observed ( Figure 6A ). These data are supported by a recent study by Chen et al. 53 who reported that procaspase 3 cleavage could be induced with H 2 O 2 . Furthermore, Yoshimura et al. 54 showed that hypoxia-induced pro-caspase 3 activation is blocked by GSH. Since, the activation of caspase proenzymes occurs by cleavage at specific aspartate cleavage sites, 36 oxidative modification of cysteine sulfhydryls in the caspase 3 protein may be involved in cleavage of the protein. 36 The oxidizing conditions created by BSO treatment may play a role in these cleavage reactions and results in procaspase 3 activation. The results reported here with the zVADfmk pan-caspase inhibitor further confirm the involvement of procaspase activation in BSO-mediated apoptosis, and demonstrate that following incubation with BSO for 48 h, when mitochondrial GSH is depleted, that increased ROS generation precedes procaspase 3 activation.
The role of DC m depolarization as an apoptotic signal is controversial. 8, 32, 38, 39 Here we report that neither early GSH depletion, nor later increased ROS caused dissipation of the DC m , with similar TMRM fluorescence in control and BSO (72 h) treated samples. This result is surprising because it has previously been reported that loss of DC m is an early and irreversible signal for apoptosis. 32 The preservation of DC m after GSH depletion and ROS production indicates that DC m depolarization may not play a causal role in redox-dependent apoptosis in the PW cell line. These observations have been recently substantiated in a study where it was shown that caspases were activated independently of dissipation of the DC m during apoptosis. 55 The integrity of the MPT pore is also dependent upon the redox environment of the cell. 56, 57 Petronilli et al. 58 found that the MPT pore complex contains a critical thiol residue that is in redox equilibrium with GSH. Therefore, modulation of the cellular redox state could increase the gating potential of the MPT pore and promote the dissipation of DC m . Since the release of cytochrome c was evident at 24 h after GSH depletion, it is possible that cytochrome c release is regulated by determinants other than DC m . 59 In conclusion, the loss of mitochondrial GSH appears to be a key regulator of apoptotic potential in PW cells, since the subsequent increase in ROS production precedes the induction of apoptosis. GSH depletion in PW cells is sequentially associated with a decline in total cellular GSH, along with NFkB activation, the release of cytochrome c from mitochondria, and the expression of a truncated form of p53. ROS production is then increased, at which time pro-caspase 3 is cleaved and apoptosis is irreversibly induced. Future experiments will be designed to further elucidate the role of Dp53, wild-type p53, and NFkB in this process and to test the hypothesis that Dp53 and NFkB are direct mediators of survival/apoptotic signals in this system. Since ionizing radiation and chemotherapy alter redox status, elucidation of the role of redox modulation on apoptotic signaling pathways may have broad clinical relevance and ultimately allow for the development of novel therapeutic strategies to improve the efficacy of cytotoxic therapies.
Materials and Methods
Cell culture and treatments PW cells (a kind gift from Dr. Amato Giaccia, Stanford University) were cultured in RPMI medium supplemented with 10% (v/v) fetal bovine serum (FBS), 300 mg/l L-Glutamine, 100 mg/ml streptomycin, and 100 U/ml penicillin. They were incubated in a controlled atmosphere (5% CO 2 ) incubator at 378C, and were split every 2 days to maintain them in log-phase. Cultures were maintained at a concentration of between 5610 5 /ml and 1610 6 /ml to prevent apoptosis induced by overgrowth, and all experiments were performed at a cell density of 5610 5 cells/ml. GSH was depleted with BSO (1 mM) which inhibits the cytosolic gamma glutamyl cysteine synthetase (gGCS). Experiments were also performed with dithiotreitol (DTT) at 500 mM (Sigma, St. Louis, MO, USA) and BSO to determine if DTT could protect cells from the effects of BSO on ROS generation and the induction of apoptosis. The protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP) 50 mM was used to induce DC m depolarization.
Cell viability and apoptosis assays
Cell viability was assessed by flow cytometry using propidium iodide (PI) to differentiate between cells with and without intact plasma membranes. Since the nuclei in apoptotic cells contain hypodiploid amounts of DNA, flow cytometry analysis of PI stained permeabilized cells was used to quantitate the percentage of apoptotic (sub-G1) cells as previously described. 8 Rescue of PW cells after BSO incubation 
Measurement of glutathione
GSH was measured as previously described. 8 Briefly, PW cell samples (4610 6 ) were rinsed in phosphate buffered saline and sonicated for 10 s on ice. Proteins were precipitated on ice for 15 min with sulfosalicylic acid (6.5%) and centrifuged at 20006g for 15 min at 48C. Supernatants were stored at 7708C until the time of analysis. GSH in enriched mitochondrial fractions was determined on samples that had been previously permeabilized with digitonin to release the cytosol. Post cytosolic cell fractions were washed three times in icecold PBS and centrifuged. Cell pellets were processed in an identical manner to whole cells. GSH was determined by the GSH-reductase recycling assay, 60 in microtitre plates.
ROS determination
Dichorofluorescein diacetate (DCFH-DA) was used to assess levels of net intracellular generation of ROS. 61 DCFH-DA is a peroxidesensitive fluorescent probe that is nonpolar and diffuses into the cell. Intracellular esterases cleave the diacetate ester group and entrap the polar, nonfluorescent DCFH within the cell. ROS can oxidize this substance to the fluorescent compound DCF. Cells were treated with BSO (1 mM) for the indicated times, and washed in Hanks Buffered Saline Solution (HBSS) (Gibco, Gaithersburg, MD, USA). One610 6 / ml cells were incubated in HBSS containing 50 mM DCFH-DA for 30 min prior to ROS measurement. Samples incubated with hydrogen peroxide (100 mM) were used as a positive control. The fluorescence of the cell population is proportional to the levels of intracellular ROS generated, 61 and was measured with a FACScan (Becton Dickinson, Mountain View, CA, USA) at 588 nm emission.
Immunoblotting
For immunoblotting post cytosolic (nuclear) fractions and cytosolic fractions were obtained from digitonin permeabilized PW cells as previously described. 8 Nuclear fractions were used to determine Rel A protein levels. Briefly, 3 ± 5610 6 cells were harvested and resuspended in 100 ml of mitochondrial isolation buffer (250 mM mannitol, 17 mM MOPS (pH 7.4), 2.5 mM EDTA and 0.2 mg/ml digitonin). The suspension was centrifuged at 3000 r.p.m. for 5 min at 48C and the cell pellet was washed twice in ice cold PBS. After re-suspension in 200 ml sodium dodecyl sulfate (SDS) buffer, the extract was boiled for 10 min to denature the proteins. The cell extract was aspirated through a 27 gauge needle and transferred to a new tube. The protein concentration was measured using a protein assay kit (DC protein assay reagent, Bio-Rad, Hercules, CA, USA). Fifty micrograms of denatured protein were resolved on 10% SDS ± PAGE gels and electro-blotted onto nitrocellulose membrane. Rel A was detected using a rabbit polyclonal antibody to Rel A (1 : 250) for 1 h (Santa Cruz, San Diego, CA, USA). Membranes were incubated in anti-species-HRP conjugated secondary antibody for 1 h at (1 : 1000) (Dako, Carpinteria, CA, USA). Detection was carried out by incubating membranes for 5 min with the enhanced chemiluminescence reagent (ECL kit; Amersham Pharmacia Biotech), followed by exposure to ECL X-ray film (Amersham).
For cytochrome c, cytosolic fractions recovered from digitonin permeabilized cells were mixed (1 : 1) with SDS sample buffer and boiled to denature the proteins. Thirty micrograms of cytosolic protein extracts were resolved on 15% SDS ± PAGE gels, and electro-blotted onto a nitrocellulose membrane (BioRad). Anti-cytochrome c mouse monoclonal antibody (PharMingen, San Diego, CA, USA) was used as the primary antibody. Membranes were incubated in anti-species-HRP conjugated secondary antibody for 2 h at (1 : 1000) (Dako). Detection was carried out by incubating membranes for 5 min with the ECL reagent (Amersham) as described for Rel A.
For p53, cells were initially washed in ice cold PBS and were pelleted and resuspended in UTB buffer (9 M urea, 75 mM Tris-HCl, pH 7.5, 0.15 M 2-mercaptoethanol) and sonicated briefly. The protein concentration was determined as described above (Bio Rad). Fifty micrograms of protein were separated on SDS ± PAGE gels and electro-blotted on to nitrocellulose membranes (Osmonics, Westborough, MA, USA). Proteins were detected with the following antibodies: mouse mAb against the N-(DO-1, Santa Cruz, CA, USA) and C-(pAb 421) termini of p53, and mouse mAb against p21 WAF1/CIP1 (Chemicon International Inc., Temecula, CA, USA). Membranes were incubated in anti species-HRP conjugated secondary antibody for 1 h at (1 : 1000) (Dako). Detection was carried out by incubating membranes with the enhanced chemiluminescence reagent ((ECL kit; Amersham) Pharmacia Biotech), followed by exposure to ECL Xray film (Amersham) as described for Rel A.
For caspase 3, 20 mg of denatured protein were resolved on 12% SDS ± PAGE gels and electro-blotted onto nitrocellulose membranes. The membrane was incubated with mouse anti-human CPP32 monoclonal antibody (Calbiochem, La Jolla, CA, USA) as the primary antibody (1 : 500) for 1 h. Membranes were incubated in anti species-HRP conjugated secondary antibody for 2 h at (1 : 1000) (Dako). Detection was carried out by incubating membranes for 5 min with the (ECL kit; Amersham) as described for Rel A.
Apoptosis following BSO incubation and addition of the caspase inhibitor zVADfmk PW cells were incubated with RPMI containing BSO (1 mM) for 48 and 72 h after which time the broad spectrum caspase inhibitor benzyloxycarbonyl-val-glu-asp fluoromethylketone (zVADfmk) (50 mM) or vehicle control (DMSO) was added, the cultures were incubated for an additional 24 h. Apoptosis was assessed by flow cytometry analysis of PI stained cells. Data are expressed as mean+S.E.M. (n=3).
Analysis of the mitochondrial membrane potential
Mitochondrial membrane potential was determined by measuring the fluorescence of cells stained with the dye tetra-methyl rhodamine methyl ester (TMRM) before and after exposure to BSO (1 mM) and/or CCCP (50 mM) in at least 20 individual cells. Cells (2610 6 /ml) loaded with TMRM (150 nM) were seeded onto glass cover slips (previously coated with polylysine) in 1 ml of RPMI 1640 with 10% FBS and left to attach for 30 min at 378C. Cells were transferred to a temperaturecontrolled perfusion chamber (Bioptechs, Butler, PA, USA). During the experiment, cells were maintained at 378C in culture media containing 50 nM TMRM. Fluorescence images were obtained with a cooled CCD camera (Photometrics Quantix, Tuscon, AZ, USA) connected to an epifluorescence inverted microscope (Nikon TE 300) equipped with a 406 oil immersion objective. Excitation light from a 75 W zenon arc lamp was coupled to the microscope by a liquid light guide (Sutter Instrument Co., Navato, CA, USA) and directed onto a filter cube (535+25 nm excitation, 575 nm dichroic mirror, 590 nm long pass emission filter). Exitation light was reduced by 490% with neutral density filters and a computer controlled shutter to minimize photobleaching and phototoxicity. Images were collected for 250 ms every 10 s and analyzed using Metafluor imaging software (Universal Imaging, West Chester, PA, USA). To further determine that the mitochondrial membrane potential was intact, CCCP (50 mM) was injected into the perfusate and the fluorescence of 520 representative cells was monitored at 10 s intervals for a total of 500 measurements per cell. The intensity of the fluorescence was monitored kinetically, and averaged for 520 cells over the total time period.
Statistical analysis
Statistical analyses were performed using Student's t-test for unpaired data, and P values 50.05 were considered significant. Data are presented as mean+S.E.M.
